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An investigation
a smooth surface with
ration. The Reynolds

S’UMMARY

was conducted on a
pressure gradients

turbulent boundary layer near
sufficient to cause flow sepa-

number was high, but the speeds were entirely
within the inccmpressible flow range. The investigation consisted of
measurements of mean flow, three components of turbulence intensity,
turbulent shearing stress, and correlations between two fluctuation com-
ponents at a point snd between the ssme component at tifferent points.
The results are given in the form of tables and graphs. The discussion
deals first with separation and then with the more fundamental question
of basic concepts of turbulent flow.

INTROIXJCTION

In 194-4 an experimental investigation was begun at the National
Bureau of E%andards with the cooperation and financial assistance of the
National Advisory Committee for Aeronautics to learn as much as possible
about turbulent-boundary-layer separation. Considering that previous
experimentationhad been limited to mean speeds and pressures, it was
decided that the best way to bring to light new information was to
investigate the turbulence itself in relation to the mean properties of
the layer. Since little was known about turbulent boundary layers in
large adverse pressure gradients, the investigation was exploratory in
nature and was pursued on the assumption that whatever kind of measure-
ments that could be made on turbulence snd turbulent processes would
carry the investigation in the right direction.

The investigateion was therefore long range, there being no natural
stop$d.ngpoint’as long as there remained uiknowns and means for investi-
gating them. The decision to stop cane when it was decided that the
more basic properties of turbulent motions~ such as production, dec~y
and diffusion, which form the subject of modern theories, could better
be investigated first without the effect of pressure gradient. The

,,
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2 “ NACA TN 2133

*
experimental work on separation was therefore halted after a certain
fund of information had been obtained on turbulence intensity, turbu-
lent shearing stress, correlation coefficients, and ‘thescale of turbu.
lent motions.

Use was made of the results from time to time’as they could be made
to serve a particular purpose. Certain of the results have appeared
therefore in references 1 to 3. It is now felt that the results should
be presented in their entirety for what they contribute to the separa.
tion problem and to the understanding of turbulent flow, even though
they leave many questions unanswered.

The suthors wish to acbowledge the active interest and support of
Dr. H. L. Dryden during this investigation and the assistance given by
Mr. William Squire in the taking of obsemations and the reduction of
data.
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SYMBols

distance along surface from forward stagnation point

distance normal to surface measured from surface

direction perpendicular to xy-plsne

mean velocity in boundary layer

mean velocity just outside Imundary layer

mean velocity just outside boundary layer at x = 17+ feet,

used as reference velocity

y-component of meau velocity in boundary layer

x-, y-, and z-components of turbulent-velocity fluctuations

root-mean-square values of u, v, and w

density of air

kin6matic viscosity of air

pressure

()
free-stream dynamic pressure &U12
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()free.sttism dynamic pressure at x = 17* feet =2

turbulent shearing stress (-plili)

mean value of product of u and v

coefficients of turbulent shearing stress
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skin friction

coefficient of

boundary-layer

boundary-layer

boundary-l~e”r

lmundary-layer

skin friction (70/@U12) .

thickness
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m

displacement thickness
()
1 ‘a-~

momentum thiclmess
. (~; )()

1 ‘w
-~

shape parsmeter (t5*/6)

stales of turbulence

(
transverse correlation coefficient ul~/ul ~u2t, where

subscripts 1 and 2 refer to positions yl and y2)

longitudinal correlation coefficients (/~ u1’u2’, where

subscripts 1 and 2 refer to positions
)

Xl and X2

APPARATUS AIJDTEST PROCEWRE

setun for the investigation was arranaed with twu thinas in
–J.

— —u–. .- –w

mind: (1) The Reynolds number-was to be as high as possible and (2) the
boundary layer was to be thick enough to permit reasonably accurate
measurements of all components of the turbulence intensity and shearimg
stress by hot-wire techniques which were lamwn to be reliable. Since
this reqyired a large setup, the 10-foot open-air wind tunnel at the
National Bureau of Standards was chosen, and a wall of airfoil-like

.—. . —- —. _.— ——-
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,
section shown in figures 1 and 2 was constructed in the center of the
test section. The wall was 10 feet high, e&ending from floor to ceiling,
and was 27.9 feet long. It was constructed of l/4-inch Transite on a
wooden frsme, and the surface on the working’side was given a smooth
finish by sanding and varnishing and, finally, waxing.and polishing. The “
profile was chosen so t~at the adverse pressure gradient on the working
side would be sufficient to cause separation and yet have sufficiently
small curvature to make the pressure changes acress the layer negligible.

Since the separation point was found to be very close to the trailing
edge, a blister was constmcted on the tunnel wall to move the separation
point upstresm to the location shown in figure 2. At the outset there
was troublesome secondary flow from premature separation near the floor
and, to a lesser degree, nesr the ceiling. A vent in the floor, snowing
air to enter the tunnel and blow away the accumulated dead air, afforded ,
a satisfactory remedy. The flow was then two-dimensional over the central
portion of the wall from the leading edge to the separation.point.

A steeply rising pressure, caused by the small radius of curvature of
the leading edge and the induced angle of attack, prodnced transition
about 2 inches from the leading edge. The boundary layer was therefore
turbulent over practically the whole of the surface and, over the region

1 inches at the 17$- footof major intcrest, ranged in thickness from 27

position to 9 inches at the sep~ation point.- All measurements were made
.

.
with a free-stresm speed of about la feet per second at the 17~ - foot

“position. The boundary-l-r thickness at 17* feet was equivalent to

that on a flat plate 14.3 feet long with fully turbulent lsyer.and no
pressure gradient, and the flat-plate Reynolds number corresponding to
160 feet per second was 14,300ZO00. The speed was always adjusted for
changes in kinematic viscosity from day to day to maintain a ftied
Reynolds number throughout the entire series of measurements. The tur-
bulence of the free stresm of the tunnel was about 0.5 percent.

All measurements were made at the midsection of the wall, where the
flow most closely approximated two-dimensionality, and on the side labeled
“Work@ side” in figure 2. While the measurements extended over a con-
siderableperiod of time, there was no evidence from pressuze and mean-
velocity distributions that the geometry of the wall changed. There was,
however, considerable scatter in the turbulence measurements from day to
day, some of which was due to inherent inaccuracies associated with hot- ,
wire measurements, and some of which may have been caused by actual
changes h the flow. The results therefore do not lend themselves to a
determination of differential changes in the x-direction with high
accuracy. It was the intention to obtain results applicable to a smooth

●

surface; therefore the surface was frequently polished snd kept clean at
all times. However, because of the texture of the Transite, the surface #
could not be given a mirrorlike finish equal to that of a metal surface.

—.——- .—-— ——- -—- -——..—.—— .-——---- ....——— . ——s —. .-—-—
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Considerable emph+is was placed on the’precise determination of
the position of separation. A method was finally evolved whereby the
line of separation and the direction of the flow at the surface in the
neighborhood of this line could he found. This consisted of pasting
strips of white cloth on the surface with a starch solution. &nall
crystals of iodine were then stuck to the strips. Blue stresks on the
starched cloth then”showed the direction of the air flow. By this meami
separation could be located with an accuracy of & inches. Initially”
the line of separation was nowhere straight, but, after the removal of
some of the reversed flow nesr the floor by the vent previously men-
tioned, the line was made straight for a distance of 2 feet h the
center dnd waa located 25.7 k 0.2 feet from the ’leadingedge.

The pressure distribution was measured with a static-pressure tube
, 0.04 inch in dicuneter,conducted according to the conventional design

for such a tube. Mean dynsmic pressure was obtainedby adding a total-,
pressure tube of the same dismeter but flattened.on the end to form a
dearly rectangular opening 0.01.2inch wide.

1

The hot-wire equipment used in the investigation of turbulence has
been fully described in reference 1, and it suffices here merely to call
attention to the manner of operation and the performance of the equip-
ment. The thick boundsry layer made it possible to obtain essentially
point measur~ents without having to construct hot-wire anemometers on
a microscopic scale. The several types used are shown in figure 3. The
l/16-inch scale shows the high magnification of types A, B, C, and D. A
complete holder is shown by E with the inch scale above. Heads of type A
were used for measuring Ut, those of type B or C were used for measuring
turbulent shearing stresses, and those of type D were used for meas-
Uring vi and W’. In use the prongs pointed directly into the mean
wind.

When the head of type C was used for measuring shearing stress, an
observation of the mean-square signal from each of the wires was neces-

A similar pair of observations was necessary when using type B,
%~&th only one wire the head had to be rotated through 18oo. Since
it was usually difficult to execute this rotation by remote control, most
of the measurements of shearing stress were made with the head of type C.

The hot-wires themselms, shown at the tips of the prongs, were
tungsten 0.00031 inch in dismeter. Platimmw ire could not be used
because the air was taken into the tunnel from outdoors and platinum
wires were broken by flying dirt particles. The dismeter of 0.00031 inch
was the smallest obtainable in tungsten at the the, and the length could
not be reduced below about 1/16 inch and still maintain the required sen-
sitivity. In all cases the boundary-lsyer thickness was at least 25 -
times the wire length.

.-. —. .. —...——- .—— _—_ ——..,. —.s.
——
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The uncompensated smplifier had a flat response from 2 to 5000 cycles
.

per second ml sm smplification decreasing above XOO cycles per second
to about Xl percent at 10,000 cycles per second. The time constant of
the wires ranged from 0.001 to 0.003 second, depentig on oPeratiW4 con-
ditions, and the over-all response of wire and smplifier could be made
equsl to that of the ~compensated smplifier by means of the adjustable
compensation protided in the smplifier. However with this relatively
high time constant, the background noise level was high amd had to be
subtracted from the readings in order to obtain the t~e hot-wire signal.

The methods of determining u’, v’, w’, ~, and m/u’v’ are fullY
described in reference 1. The determination of Ry ~d RX fivolved

the use of a pair of heads of type A, separated by known distauces nor-
mal to the surface for Ry and along the tangent to the surface for Rx.

The “sum-and-difference”method described in reference 4 was used, account
being taken of the inequality of u t at the two tires and the differences
in sensitivity.

The several measuring heads were m~ted on various.tYPes of trav- .
ersing equipment designed for convenience, rigidity, and a minimum of
interference at the petit where a measurement

TEST RESULTS

was being made.

.

The results of the measurements are given in tables 1 to 8 and
figures 4 to 15. Figures 16 to 22 repeat certain of the results to aid
in the analysis.

The tabulation is made to present all of the detail conttied in
the measurements and to make the results readily available to any style
of plotting that suits the reader’s needs. Figures 4 to 15 are summary
plats intended to show an over-all picture rather than detail.

.

Pressure Distribution

The values given in table 1 and figure 4 were obtained from meas-
urements of pressure with a small static-pressuretube placed 1/4 inch
from the surface at various positions along the midspan. The tube was
also traversed in the y-direction, from ~ch it W~ fo~d that ch~ges
in pressure across the boundary layer were barely detectable in the
region from x = 18 to 23 feet, smd were not measurable elsewhere. The
pressure is therefore regarded as constant acress the boundary layer,
and all of the information on pressure gradient is given by the vari-
ation of ql/~ with X.

●
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Mean-Velocity Distribution

Mean velocities were obtained from dynamic-pressuremeasurements
made at wious distances y. No correction was made for the effect of
turbulence. The distributions ofmesm velocity are given in table 2
snd summarized by the contour plot shown in figure 5. Frm these data
were derived the values of 5*, e, and H given in table s and figure 6.

The distribution of mean velocity is plotted in figure 7 in the
manner suggested by Von Ibenhoff and Tete- in reference 5. If H iS

a universal parsmeter specifying the boundsry-l~er profile, the curves
of figure 7 should agree in all detail with those of figure 9 in refer-
ence 5. The agreement is good, although there are systematic differences
slightl.ygreater than the experimental dispersion.

The turbulence

Turbulence Intensities

intensities are given in table 4 in terns of u ~pl>
They are sum~zed in figures 8 to 10 in terns

Of U’~m, V’~, and W’/Um in order to show changes in the absolute

magnitude of the fluctuations. AE desired, u~, Vt, and w! may be
expressed in relation to auy of the mean velocities U, Ul, or Urn by

the tid of tables 1 and 2.

Coefficient of Turbulent Shearing Stress

and m-f%rrelation Coefficient

The directly observed quantity TiT hss been expressed nondMen-
sionally in terns of a coefficient of turbulent shesring stress

Cl-m =
2UV

%2

The choice of coefficients is arbitrary, and CT1 is tabulated in

table 5 while contour plots for CTM are given in figure 11. The choice

of cm for the figure was made becsuse it was desired to show au over-

all picture of variations in 7 independent of vzmiations in mean
velocity.

———-. ._. _ ._ —. —-.. — ..- —..——
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The values of
table 6 and figure

the correlation coefficient uiI/uYv? are given in
u?.

@

Correlation Coefficients Ry and Rx

The correlation coefficients Ry snd ~ express the correlation

between values of u at the<ssme instant at two different points. This
correlation between Totits separated by distsnces in the direction of .
the local normal to the surface is expressed by Ry, and the correlation

between points separated by distances in the direction of the local tan-
gent to the surface is expressed by Rx. These directions were normal

and tangential to streamlines only when the local mean direction of the
flow was tangent to the surface. Where the boundary layer was thickening
rapidly, as near the separation point, the flow in the outer portion of
the boundary layer had a greater radius of curvature than the surface and
the direction wss not tsmgent to the surface. In such regions, therefore,
~ and Rx do not conform strictly to the conventional definition of

such coefficients.

Values of ~ sre given h table 7 and values of Rx are given in

table 8. Figures 13 and 14 show representative correlation curves in
order to give an idea of the distances over which u is correlated com-
pared with the boundary-lsyer thicbess.

It will be noted that a correlation exists overmuch of the boundary-
layer thickness. With the region near separation excluded, fluctuations
at the cemter of the lsyer are related to those everywhere else in the I
ssme section. Under such conditions a small negative correlation is found

1 between points h the layer-and those outside, as shown in figure 13.
Subsequent measurements h a boundary layer with appro-tely one-tenth
of the free-stre= turbulence have shown no effect of the free-stresm
turbulence on the magnitude of the negative correlation. An explanation
of this negative correlation on the basis of continuity reqqirmehts is
offered in reference 3.

From tables 7 and 8 one may calculate integral scales definedby

f+’ J

,

. ..— — . _ . . ___ _ -—z— _____ . ...
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These are not given here because it is felt that
of scale obtained from figures 13 and 14 conveys
significance to scale as is possible at present.

the qualitative concept
about as much physical

DISCUSSION OF RESULZ’S

Mechanics of Separation

The separation point is defined as the point where the flow next to
the surface no longer continues to advzmce farther in the downstream
direction. This results from.a failure of the medium to have sufficient
energy to advance-farther into a region of rising pressure. Certain
characteristics of the mean flow serve as a guide to the imminence of
separation. For example, the shape factor H can be ~ected to have a
value ~eat er than 2. In the present experiment H was found to have
the value 2.7 at the separation point, comparing well with the value
of 2.6 given in reference 5.

The empirical guides, however, give little insight into the physi-
cal factors involved. Separtiion is a natural consequence of the loss
of ener~ in the boundsry layer, and the burden of explanation rests
rather with the question as to why separation does not occur at all
times at a pressure minimum. At the surface the kinetic energy of the
flow is everywhere vanishingly small. At a pressure minhmm the poten-
tisl energy ts a minimum, and the air at the surface, having a vanishing
amount of kinetic energy to draw upon, could never advance beyond a
pressure nddmum without receiving energy from the flow farther out.
The necess~ transfer is effected by the shearing stresses.

It is a well-brown fact that viscous shearing stresses are so small
that lsminar flow can advance but a little distance beyond a pressure
minimum. In contrast tith this, turbulent shearihg stresses can prevent
separation entirely,if the rate of ~mcrease of pressure is not too great.
This emphasizes an important fact; nsmely, that when separation has not
occurred, or has been delayed to distances well beyond the pressure mini-
mum, as in the present experiment,“viscousstresses play sn insignificant
role in the prevention or delay of .sep=ation.

Tur3ulent shearing stresses also determine the magnitude nf shearing
stresses in the lsminar sublayer by fo~cing There a high rate of shear.
This, in fact, gives boundary-lsyer profiles the appewance of near slip
flow at the surface. Thus, turbulent stresses dominate all parts of the
boun~ layer. Viscous effects in the lsminar sublayer and elsewhere
still play an important role in determining the existing state of the
turbulence. However, in dealing tith the effects of turbulence, and
not with the origin of turbulence, effects of Viscosie can be neglected.

..- ——- —-. ——. — —.— .—— - —. - —.——
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At the high ReynoldE numbers of the present experiment the lsminar
D

sublayer was extremely thin snd was never approached in any of the meas-

1 foot position at 0.1 inch from the surface theUrements. At the 17Z -

turbulent shesxing stress was 190 times the viscous shearing stress. ‘
Considertig the low order of magnitude of the viscous stresses compared

“ with that of the turbulent stresses, the equations of motion may be
C1OSely apprQxtiated by including only the Reynolds stresses, and may
be’written

&J+@ J_ -lap h~ Xiii-—- —
ax ay P ax ax ay

While all tezms in e~ations (1) and (2) have been
have not been measured with sufficient accuracy to test

(1)

(2)

measured, they
the adequacy of

the equations. The relative importance of the terms involving Reynolds
stresses depends on location h the boundary layer. The normal—
stresses @ and pv2 me pressures and their gradients make merely
small contributions tO ap~x ~d aphy. Among the Reynolds stresses
the shearing stress is the more impotismt quantity and, accordhgly,
attention is devoted to it.

It is easy to see qualitatively on physical grounds how the shearing
.

stress must be distributed acress the boundary layer. The shearing
stress is always ti such a tirection that fluid layers ~arther out pull
on lsyers farther in. When the pressure is either constant or falling,
all pull is ultimately exerted on the surface. Therefore the shearing
stress must be at least as high at the surface as it is elsewhere, and
it would be expected to be a maxhmm there, as it must fall to zero
outside the boundary layer. When the pressure is rising, part of the
pull must be exerted on the fluid near the surface that has insufficient
ener~ of its am to advance to regions of higher pressure. In other
words, the fluid in such l~ers nmt be pulled upon harder than it pulls
upon the layer nefi nearer the surface. This mesns that the shearing
stres’smust have a maximum away from the surface in regions of adverse
pressure gradient.

Representative observed distributions are shorn”in figure 15. It
will be seen that the msximum shear stress develops first near the sur-
face and moves progressively outward. The region between the surface
and the nwdnmm is receiving energ from the region beyond the maximum,

aT
the smount per unit volume at each point being U—. Thus the fall,in “

ay

D

#
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the shearing stress toward the surface, producing a positim,.slope,
is evidence that the shearing stress is acting to prevent.separation.
It is clear then that a fallihg to zero, as for exsmple the curve
atx= 25.4 feet, is not the cause of separation. It is rather an
indication that the velocity gradient is vanishing at the surface.
This means that the velocity in the vicinity of the “surfaceis van-
ishing and that a condition is developing in which no ener~ can be
receive& When this condition is fulfilled, the fluid can move no ‘
farther and separation has occurred.

The initial slope of the curves in figure 15 is given by equ-

tion (1), which becomes, when y = O:

A theory of the
boundary conditions
boundary conditions

ax - ay
\4/

distribution of shearing stress based on the inner
a2T\a& = O and equation (3) and on the outer
T = 0- and aT/ay ~ O at “y= b has been given

by Fediaevsky (reference 6). The agreement between Fediaevskyts theory
and experimental values from the present investigation was fair at the

171 -foot position and excellent at the 2>foot position,”but elsewhere
2

was poor. TWO examples of the &greement are given in figure 16. The
Fediaew~ theory, which defines merely how the curves shall begin and
end, either loses control over the middle portion or ignores other con-
trolling factors.

Since equation (3) specifies the initial slope, it is an aid in
finding the skin friction by the method of etirapolating the distri-
bution Curvesto y=o. The values found in this way are giyen in
figure 17. As would be expected, the skin friction falls to zero at
the separation point. The lack of agreement with values calculated by
the Squire-Young formula (reference 7) is,to be expected, as this for-
nmla does not include the effect of pressure gradient.

The foregoing discussion has shply described the sheartig stress
in the light of the present experiment and pointed out the role of
shearing stress as an ener~-transferring agent.” While these pheriomena
are characteristic in every adverse pressure gradient, the form of the
shearing stress and also the velocity profiles
different pressure distributions. The present
one exsmple.

will be different for
experiment gives merely

.-. ——.. ... .._ ——_. ..— —— .— .—. ..—
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Origin of Turbulence and Turbulent Sheming Stress

The discussion Of origin of turbulence and turbulent shearing
stress will be based on concepts that have superseded the older mixing-
length theories. Unfortunately, experiments have not kept pace with
ideas and the concepts have not yet been fully verified.

In recent years definite ideas have taken shape regarding the decay
of turbulence. These stem frmn am observation made by Dryden (refer-
ence 8); nsmely, that the rates of decsy of different frequency compo-
nents in isotropic turbulence require that the highe~freqiency compo-
nents gain ener~ at the expense of the lower-frequency components. It
has now become generally accepted that decay involves a trsmsfer of
ener~ from larger eddies to smaller eddies by Reynolds stresses when
the Reynolds number characteristic of the eddies is sufficiently high.
This idea forms the physical basis for modem theories of isotropic
turbulence (for exanple, references 9 to 15).

Information about turbulent flow points more and more to the con-
clusion that the concept is basic and may he carried over to shear flow.
(See, for exsmple, Batchelor-’sdiscussion of Kolmogoroff’s theory,
reference 9, and Townsendrs discussion, reference 16.) The general idea
may be expressed as follow: The highest Reynolds number is associated
with the mesm flow, and here the mean Reynolds stresses transfer energy
to the flow system comprising the next smaller spatial pattern, for

,

exsmple, the largest eddies. This second system involves other Remolds
stresses which in turn trsnsfer ener~ to smaller systems and so on ‘
through a spectrum of turbulence until the Reynolds number gets so low

L

that the dissipation is completed by the action of tiscosity alone. The
evolution of heat by the action of viscosity Is small for the larger
systems and gets progressively greater as the systems get smaller and
smsller, with a weighting depending on some Reynolds number character-
izing the whole system, say, a Reynolds number based on the outside
velocity and the boundary-layer thickness. The higher the Reynolds
number the more is the action of viscosity confined to the high-frequency
end of the spectmm. Thus at sufficiently high Reynolds numbers the
action of viscosity is not only removed from the mean flow but.also from
all but the smaller-scale components of the turbulence. An exception ‘
must, of course, be made for the lsminar sublayer, and the ltielihood
that this is a valid picture increases with distance from the surface.

These ideas then might be regarded as describing a tentative model
of a turbulent boundary layer to be exsmined in the light of expertient.
The model is, of course, conceived only in general outline and should
not be assumed the ssme for all con~tions.

#

--. —— —-— ..— — ——. ..— ——— ..—. —..— . . ._ —.
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0

The rate of removal of kinetic ener~ per unit volume from the
mean flow by Reynolds stresses is given by:

(4)

This energy goes directly into the production of turbulence. The

term iZTT” willgenerally outweightheothers,bu tinorderto seethe
G

relative magnitudes near eepsration the terms in expression (4) were

The term ~+ TTaS found to becalculated for the 24.>foot position.

negligible. The other terms within the brackets together with their sum

are shown in figure 18 divided by %3. It is seen that thetezm fig

is still the largest and therefore remains the most tipdrtant contributor
to turbulence.

me distribution of turbulence energy is also given in figure 18.
This.shows a maximum ener~ content where the rate of production is the
greatest; otherwise the comparison has no particular significance. Such
coincidence is not required and is not found farther upstresm. Data are
not available for establishing the bslsnce between production, diffusion,
convection, and dissipation of turbulence energy.

It is clear that the turbulence exists because of the Reynolds

stresses, and it is self-evident that the normal stresses ~~ ~d ~~

exist because of the turbulence; but
stress ~~ is not apparent without

Since

the source of the shearing
further examination.

1- = -@iii. +## (5)

where ~/u~vt is the correlation coefficient, it is seen that ‘r
deyends on the correlation and,intensity of u and v. If a fluw is
turbulent without a gradient in mew velocity, there can be no mean
shearing stress and therefore no mean correlation between u and V.

It is apparent then that a gradient is uecessary to produce a corre-
lation, and one might expect to find ~/u’v’ proportional to dU/dy.
From figure 12 it appears that IiV/u’v’ shows too little variation
across the boundary layer to be proportional to the local value of the
mean-velocity gradient. To apply a more direct test, rv/u‘v‘ was
plotted in figure 19 against the mean local gradient. Obviously

— —. _._—..— —— —- ———
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w/u’v’ cannot be regarded as proportional to (e/U~ (dU/dy), and,
whht is more, it becomes independent of the local g~~ent for a wide
range of values of @/U~ (dU/dy).

Ass~-g the correctness of the concept of transfer of energy from
larger to smaller flow regimes, it is seen that energy flo~~s~to
turbulence mainly byway of the largest eddies, and it is then mainly
these that account for the average shearing stress. Returning to
figure 13, it is seen by the curves of Ry that the turbulent motions
are correlated over much ,ofthe bountiry-layer t~c~ess uP to the
position x = 23 feet, and are still correlated over a considerable

“ portion of the thickness at larger values of x. The extent of the
R7correlation is roughly a measure of the extent of the largest eddies.

This means that the correlation coefficient IiV/u’v’ arises frcm those
components of the turbulence that extend over much of the boundary-
layer thiclmess, and the correlation between u- and v-components of
such a motion would be expected to depend on the mean-velocity gradient
as a whole rather than upon the local gradient at any one point. Large
mean gradients exist near the surface without producing correspondingly
large correlation coefficients in the ssme locality, and it appears’
that the correlations here are very likely fixed by some over-all effect.
If an over-all velocity gradient is represented at each position by
U1/~ divided by 5, and this is used as the independent variable in
figure 20 to cross-plot values of =/u’v’ taken from the flat portion
of the curves in figure 19, a definite proportionality between these
two quantities is found. This bears out the foregoing argument.

Figure 21 w originally prepared to test one of the equations of
state in Nevzgljadovts theory (reference 17), which expresses the
shearing stress as proportional to the turbulent energy per unit volume
and the mean-velocity gradient. The thebry is not supported by the
results for the sae reason as that mentioned k connection with
figure 19. ti fact, shearing stress per unit ener~ is much like the
correlation coefficient and would be two-thirds of ~/u’v’ if u?,
V’, snd _w~ were all equal. The similarity between figures 19 and 21
is therefore not surprising. The hairpin loops in the curves in these
two figures a~arently result frmn the distribution of shearing stress
hposed by the adverse pressure gradient.

Figure 22 emphasizes the great difference between turbulent shear
flow smd laminar shear flow. In la&nar flow the shearing stress is ‘
directly proportional to the local velocity gradient. k turbulent
flow, shown in figure 22, the shearing stress may rise abruptly for ‘
scarcely any change in the local velocity gradient and again fall with
increasing velocity g~dient. This illustrates the difficulty of .

adopting the concepts of viscous flow in turbulent flow. The difference
probably arises because turbulent phenomena, unlike molecular phencmena,
are on a scale of space and velocity of the same order as that of the .

mean flow.

.,
____ .—. ——-. —.—— .—-.---—-- —.—---
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The alternative picture in the”form of
described ,isstill speculative smd probably

the model previously
oversimpl.ified. It has,

however, received support in the present experiment, perhaps as much
as could be expected from over-all measurements embraci?igthe entire
frequency spectrum. Observations of these ssme quantities as a function
of frequency would be mch more informative, but unfortunateely the
experimental conditions in an open-air wind tunnel Us couraged work of
this SOrt. Other types of hot-wire measurements, such as those described
by Towmend in reference 16, would be of as great value in probing for
the true picture of a turbulent boundary ldyer as they were in bringing
to light phenomena in the turbulent wak!eof a cylinder.

The present model is but an extension of the concepts required to
explain the spectrum and decay of isotropic turbulence. However, in
going from the relative stiplicity of isotropic turbul&ce to boundary-
layer turbulence mmy new factors aie introduced. Distance from trm-
sition point, pressure gradient, curvature, and surface roughness doubt.
less affect details snd may have profound influences. It must be left
to future experiments and theory to fill in the g~s, and when this has
been done perhaps the data given herein will have more mean~ than they
have at present. It is with this thought in mind that the data are
given“intables, in which form they are the more readily available for
new uses.

CONCLUDING REMARKS

Certain measured characteristics of a separating turbulent boundary
lsyer have been presented. The average characteristics are mean velocity,
pressure, and the derived parameters, displacement thicbess, momentum
thickness, and shape factor. The turbulent characteristics comprise
titensities, shearing stresses, tranverse correlations, longitudinal
comelations j and correlations between two fluctuation components at
a point.

The results have been discussed, first, ~ connection with what
they reveal about separation and, second, in connection with what they
reveal about the nature of turbulent boundary layers. The modern con-
cept of energy tr~fer through a spectmm w etiended to the ~~ent .
boundary layer. The resulting model of a turbulent boundary layer was
supported by the results. This together with the support from theory
aud experiment in isotropic turbulence makes it appesz that the model
may be a very pseful one for guiding future experiments.

It is seen that the investigation of separation of the turbulent
bound= layer had to go beyond the mere investigation of separation.
The real problem is the understanding of the mechanics of turbulent

—-...—. ..— —...- .—— —.. .—— —-— — —.—
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,
shear flow under the action of pres~e ~adient. The solution of this
problem depends on the understanding of the mechanics of turbulence, and
in this only rudimentary beginnings have been made. .

National Bureau of Standards
Washington, D. C., Jue 1, 1949

.

.

.

.
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TABLE l.- DISTRIBUTION OF DYNAMIC PRESSURE

(:t)

0.05
.08 ~
.12
●17
.21
.5

1.0
1.5
2.0
2.5
3.0
;.:

4:5
5.0
5.5
6.0
6.5
7.0
7*5

::;
9.0

9.5
10.0
10.5
11.o
11.5
12.0
12.5

0.218
.547
.762
.694
.514
.396
.442
.488
.534
;~;;

.668

.709

.756

.810

.861

.894
● 93
,930
.962
.951
.960
.954
.958
.974
.976
.966
.972
.972

.977

(:t)

13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
20.5
21. o
21.5
22.0
22.5
23.0
23.5
24. o
24.5
25.0
25.5
26.0
26.5
27.0
27.5

q~%

0.977
.980
.991
.992
.988
.988
.988
.991
.994

1.000
.988
.966
.927
.890
.852
.813
●777
.740
.697
.659
.625
.589
.558
.529
.507
.493
.484
.478
.475
.472 -

:
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TABLE 2.- MEAN-VEL4XITYDHFKEUTI orim3mA14!F3mRFAcE

x.o.5fi x.1.oft X=l.5ft X=2.0ft X=2.5ti x=3.ofi x=3.5fi :=4.5ft

T
(J.) ‘A (ii)
0.01 0.+320.01
.a? .645 .02

.725 .04
:$ .&k .08
.13 .899.13
.19 .959.19
.27 .91 .=
.36 1.000:;;

TUPJ1(g.)DA (g.) ‘A (Ii 1 z.:Ufqlpq

0.5990.01
.634.02
.693 .04
.762 .08
.&28 .13
.894 .19
.940 .27
.978 .36
.595 ;;6
1.cm

.-m

0.2+
.631J
.6X
-777
.815
.867

).01
.02
.04
.08
.13
.19
.27
.36
.46
.57

0.w
.6J2
.695
.7P
.804
.864
.912
;9J6

5
1.Occ

0.01
.@
.04
.08
.13
.19

D.576
.%?
.670
.737
.79
.84-(
.894
.941
.976
.9X
1.coo

0. w
.631
.6%
.74:
.78+
.tw
.&f
.93:
.97
.ggl
1.Ooz

o.f353.01
.(?2
.C4
.08
.13
.19
.27
.36
.46
.5

0.6)2

:%
.784
.85[
-933
.9Y
.!294
.99s
1.OCQ

0.01 1.01
.02
.04
.08
.13
.19
.27
.35
.46
.5
.P

. 6n

.*7

.795

.865

.924

.975

.996
1.cm

.14

.18

.27

.36

.46

.37

.915

.961
-933
.959
1.000

.27

.36

.46

.9
-70

I [ I
I I I

:=12.5fixu5.5f-t lx=

6“3=F-1%”5”’x=’”~e
,5ft

.

J/UI

).m
.524
.563
.623
.669
.708
.738
.7P
.806
.a-h
.876
.934
.986
.997
.997
.997
L.(XX2

z.)
‘.01
.02
.04
.08
.13
.19
.27
.36
.46
-57
.70

,:Z
-$

:2

D/ulPJl (g.:
1.5650.01
.617 .a2
.670 .04
.-j’z?.08
.~ .13
.836 .19
.ap+.27
.W .36
g!% .46
.% .*

.70

.@+

.9

JP1 (:.:

).210.01
.m .02
.6)4.04
.665.08
.-@ .13
.-@ .19
.& .27
.844.36
.894.46
.930.3
.96? .m
.986.&
.597.9’
L.0031.15

1.32
1.p
1.m

(ii ]
a.01
.@

:2
.13
.W
.27
.36
.46
.57
.70

:

). 59+0.01
.596 .02
.653 .04
.p7 .08
.761 .12
.Em .19
.83 .27
.899.36
.935.46
.963.~
.* .70
.* .84
-.~ .99

1.15

0.5360.01
.561 .a?
.617 .04
.669 .08
.:71; .U

.19
.810 .27
.8s2 .36
.897 .46
.939 .57
.968 .7’0
.ggl .84
.S@ .99
1.0001.15

).* 0.01
.536 .02
.~ .04
.(3I6.08
.693 .13
.729.19
.764.27
.801.36
.89 .46
.8% .57
.$?24.m
.953.84
.* .9
;% ;.$5

.%8 .

0.97 0.01
.02
.04
.09
.13
.19
.27
.36
.46

:?
.99
1.~
1.69
2.Q9
2.51
2.95

Q.@
.53:
.564
.63(
.69(
.-m
.79
.-@

:3
.8T
.93i
.g~

:%
.mf
1.ox

.59

.594

.65Q

.693

.733

.760 .

*

.em

.837

.8@

.m:

.936

.96!?

.%6
1.(ICC

2-
I 1 1 I I —-—– I

X- 13.5fblx= 14.5ftb= 15.5filx= 16.5fiix= 17.5filx.=1~.ofilx= 1~.5~lx= 19.0n

Um (J. )

0.4820.01
536 .@
.616 .04
.666 .07
.-m -=
.= .19
.762 .26
.792 .35
.&l .46
.844 .y
.m .70
.973 .!%
.9941.31
.9961.m
1..0002.07

Um (g.:
0.4650.01
.4P .02
.99 .04
.5)5 .08
.655 .X2
.p4 .19
.729 .26
.752 .36
.-(80.46
.809 .y
.833 .p
.891 .99
.9231.z
;g5 ;.6$

.9962:73
L. Om 2.9+

3.39

.—— —

lJPl (:. )

o.kg50.01
.X9 .@
.~ .04
.626 .07
.@+ .12
.6$X3.19
.j24 .26
.79 “.35
.-@ .45
.8@ .X’
.83 .p
.878 .$ig
.9271.32
.9581.69
.9962.043
.~ 2.51
.W 2.94
L001

Um (g.]
0.4950.01
.9 .a2
.563.04
.627 .07
.664 .13
.697 .19
.727 .27
.756 .36
.783 .46
.802 .y
.826 .p
.873 .99
.9141.32
.9611.69
.% 2.08
.S6 2.3
L.002

Um .(&.:
0.4830.01
.477 .(E
.ml .04
;~: .OJ

.674 :19

.pg .26

.740 .35

.766 .46

.793 .57

.815 .70

.860 .84

.924 .98

.9451.31

.gp 1.69
1.0002.07

2.49
2.93

UplJm (g.:
3.4950.01
.5Q7 .04
.m .07
.636 .12
.670 .18
.718 .26
.746 .35
.-/’@.45
.807 .T
.834 .69
.866 .!+9
.$2251.31
.9631.a
.9952.07
.ggg2.49
.%9
..000

—-———

(IL]
0.01
.02
.04
.08
.13
.19
.27
.36
.46
.s
.-n
L00
L.z
L.70
~.w
2.!Z
?.*

0.4920.01
.487 .CQ
.zk .04
.37 .07
.652 .Z2
.(5$KI.19
.728 .26
.7EQ .35
.-/al.45
.Eno .3
.833 .70
.W3 .98
.9361.31
.9751.68
L.C@ 2.08

2.50
2.93

0.450
.455
.498
.562
.612
.645
.652
.708
.738
.763
.789
.817
.846
.887
.930
.963
.59
L007

.

.

‘=s=

,
.—. — ... =.7



.

NACATN 2133 21

!MEiLE 2.- MEAN-VELMXTY DISTFUUTION NOFMALTO SUFOMCE - Concluded

\

K= 19.5ft X-m. oft x=20.5ft x = 21.0ft x = 21.5ft x=z2.oft x.z2:5ft

JP1 (J.)
).4420.01
.440 .04
.727 .07
.563 .14
●39 .18
.632 .26
.664 .35
.698 .45
.P5 .57
.755 .P
.781 .9
.8341.32
.8961.68
$22 ;.$

.985P:gk
L.0003.39

1

‘~1 (~o),
).4040.01
.4@ .02
.542 .04
.92 .09
.616 .15
.654 .22
$y .g

.728 :54

.757 .@

.8U .83

.8P 1.17

.99 1.56

.9502.00

.9& 2.47

.9992.97
L.004

JP1 (J.]

).4090.01
.406 .02
;;% .05

.556 :$

.* .22
;&?; .{:

;g4 ;%

.757 .83

.ZD91.18

.8671.57

.9252.00

.9612.48
L.0022.98

3.9

JPJ1 (g.)
).3960.01
.394 .02
.428 .04
.488 .09
.528 .15
.572 .22
.38 .31
.624 .42
.666 .9
.695..68
.729 .83
.7861.17
.8541.56
.95 2.00
.99 2.47
.9352.97’
1.0063.%

JPl (g.)
).3680.01
.362+.02
.41.1.05
.4% .09
.Y3 .15
.550 .22
;g .g

.627 :%

.6&3 .68

.&37 .83

.7471.17

.8231.55

.8822.00

.9312.46

.9912.96
1.0063.48

4.01

Ul% (g.:
0.3570.01
.3m .@
.344 .05
.410 .09
.465 .15
.PO .22
.530 .31
.* .4!2
.934 .54
.616 .68
.672 .83
.713.1.00
.7?01.57
.8442.00
.8902.47
.9512.97
.9883.49
1.003k.03

:2.)
).314
.320
.375
.419
.448
.473
.*
.!531
.546
.565
.%)6
.631
.706
.768
.827
.896
.968
1.002

).01
.02
.04
.08
.13
.19
.27
.36
.46
.9
.n
1.00
1.33
L.P
2.10
~.5Q
?.96

.

.

— .

x = 23.0ftlx= 23.5ftlx= 24.oftlx= 24.5ft < = 25.4 f x . 25.77fi= 25.0

(L
—

J/l

<
.
.
.
.
.
.:
.,
.:
.:
.
.
.
.
.
.
.
.

:[
<..
(. .
<

!:i

—

——

LJpl

mJ-

.102

.0a9

.122

.130

.X33

.225

.263

.284

.332

.318

.380

.416

.459

.492

.93

.5P

.610

.636

.747

.817

.890

.928
;9g

.988

.990

.998

d.)
).01

.02

.04

.08

.14

.22

.31

.41”

.53

.67

.82
1.16
1.55
1.99
2.46
2.95
3.47
lt.oo
1.9
j.07
~.%
>.09
:.%-
3.99

—.——--

(ii]
0.01
.05
.15
.31
.9+
.83
1*18
1.57
2.01
2.24
2.48
2.73
2.59
3.2s
3.=
3.7’8
4.05
4.32
4.59
5.I.2

$:;

7:05
7.45

::%
8.31
8.48
8.53
8.62

m

(J.) (L) (d. [J.)
).01
.02
.04
.08
.14
.22
.31
.41

:%
.82
1.16
1.55
1.98
2.45
2.95
3.47
4.cO
h5J+
5.07
~.53
).09
:.55
).77

●

rpl rp~

).174
.209
.231
.231
.274
.287
.93
.325
.35
.373
.415
.%9
.W
.640
.710
.W
.858
.916
.9!%
.W
..003

J/LJl

).I.OC
.00!
.J.!X
.137
.14$
.18(
.M
.20:
.21:
.23:
.245
.28
.32(
.3Z
.43:
.P(
.Z(
.671
.ne
.8N3
.86C
.93e
.97:
L.00C

Y

——

yq

0.01
.02
.04
.09
.15
.22
;g

.9

.68

.83
1.07
1.57
2.cil
2.47
2.97

::Z
4.57
5.10

3.2760.01
.282 .02
.329 .05
;:$ .09

.15
;4$ .g

MJ :2

.5301:18

.5671.57

.6162.00

.6942.48

.7512.98

.8273.9
“.8864.03
.9304.57
.9715.10
.9995.63
L.006

~.249 0.01
.274 .02
.319 .05
.346 .09
.361 .15
.423 .22
.443 .31
.469 .42
.523 .9
.576 .%
.648 .83
.7+251.18
.7971.57
.8552.00
.PO 2.48
.9642.98
.s923.9
.5984.03
..0004.57

).204
.216

0.01
.04

.230 .08

.273 .14

.297 .21

.319 .31

.337 .41

.362 .54

.389 .67

.415 .&

.4421.17

.4921.6!3

.5532.00

.6142.47

.68!52.97

.7743.50

.8504.03

.5x)64.57

.9535.IL

.9925.63
..oo16.13

5.10
5.63

a

,
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0
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‘rABlx 3.- muNDARY-LAYDlPMWMWLmM

(;t)

0.5
1.0
1.5.
2.0
2.5

;:;
4.5
5.5
6.5
7*5
8.5
9.5

10.5
11.5
12.5
13.5
14.5
15.5
16.5
17.5
18.0
18.5
19.0
19.5
20.0
20.5
21.0
21.5
22.0
22.5
23.0
23.5
24.0
24.5
25.0
25.4
25.77

(in) (i:. ) H

0.039
.043
.051
.058
.063
.067
.076
.07’5
.087
.Og
.127
,136
.170
.180
.222
.220

, .2+
.255
.288
.302
.303
.313
.341
.385
.4Q7
.446
.517
;;?

.77

.99
1.09
1.24
I-.61
I-.89
2.57
2.85
3.81

0.026
.032
.037
.042
.047
.048
.055
.054

-.064
.072
.093
.099
.123
.133
.163
.162
.168
.192
.208
.226
.2~5
.229
.261
.282
.307
.319
.357
.390
.443
.501
.62
.66
.71
.86
.95

1.16
1.19
1.36

1.50
1.35
1.38
1.38
1.34
1.40
1.38
1.39
1.36
1.35
1.37
1.37
1.38
1.35
1.36
1.36
1.39
1.33
1.38
1.34
1.35
1.37
1.31
1.37
1.33
1.40
1.45
1.49
1.47
1.54
1.60
1.65
1.75
1.87
1.99
2.22
2.39
2.80

,
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I&mm 4.-mmomm Imm3Tmm

x . 17.5ft X.m. oft

(i.) U’FJ1 (:.) V’P1 (:.) v’h (:.) U’h (1:.) V*D1 (J.)
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z 53 -m
2.83 .ola2 ;:Z :% ;:2 :%
3.13 .0102 3.b8 -w b.07 -m
3.43 .W 3.73 .0079 4.23 -w
3-6s 4.03 .* 4.32 .C072

:% 4.n .@

:: ;% :% ;= ;: :%

M .0333 2: .0233 5:72 :s
S.u .rm~ .0032 6.u .mu
s.45 .0322 R .K@ 6.42 .C0%2
7.75 .Cml 5.97 .m.la
6.m

.-
.o@155 &n .@m92

6.os
:Z .CKMlo

.mo76 6.S7 .C@38
6.36

7.32 0
.mm7 6.87 .fxmz3

7.17 .m13
7.32 .KXm7
7.39 -w

—

.

,

*

--+9’”
———.————.—-—— -—.—..—.—-.—.—..—— .—-—- ....... .. ...—.
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TABLE6.-~-CORR3Lll’IONCOEFFICH

.x = 17.5ft x=20. oft X=a. ofi

(:.) ii7/u’v’
(:.)

EF/u’v$
(L)

Yy/u’vl

0.10 0.59 0.10 0.45 0.10 0.37
.25 .57 .25 .50 .25
.50 .57 .49 .50 :$
.75 .55 :Z .4’9 .75 .47
1.00 .55 1.00 .48 1.00 .45
1.25 .55 1.25 .47 1.25 .45
1.50 .53 1.W .47 1.50 .43
1.75 .48 1.75 .46 1.75 .42
2.00 .42 2.00 2.00 .41
2.25 .32 2.25 :2 2.25 , .39
2.50 .a 2.50 .40 2.92 .37
2.75 .14 2.75 .35 2.75 .2
3.00 .04 3.00 .19 3.00 .27

3.25 .02 3.25 .18
3.50 .07

x=22.5ft X = 23.5ft X = 24.5ft x= 25.4i’t

)

(J.)“ F/u’v’ (i:.) iiG/ufvl (J.) iiT/ufvt (i:.) E/u’v;

0.10 0.42 0.25 0.39 0.25 0.22 0.25 0.11
.25 .44 .50 ;% .W .25

.45
.50 .15

1.00 1.00 .30 1.00 .24
:% .47 1.50 .43 1.50

.47
.34 1.50 .31

1.00 2.co 2.cm .37 2.00 .36
1.25 , .48 2.50 % 2.5fl .41 2.9 ;$
1.50 3.00 .41 3.(XI .43

::
3.00

1.75 3.73 .40 3.93 .44 3.50 .41
2.00 .47 4.00 .36 4.00 .45 .42
2.25 .47 4.w .30 .42 ::; .42
2.50 .45 .21 ;:% .38
2.75 .45 % o 5.W .30 % ::
3.00 .42 6.00 .19 .42
3.25 .39 6.50 0 2:; .36
3.73 .34 7.cm .26
3.75 .26 7.W .18
4.00 .21 - 8.(x) o
4.25 .12
4.m .06
4.75 0

. .. —.--. —-—-- — .—.. —. —.—



x = 17.5 rt x.20. oft

yl = 1.53 in.~ -2.02 in. Y1 = 0.76 h. n - 1.01 ~. Y1 - 2.03 in. Y’J - 2.$6 in.

Y2 -71

(in. )

Y2 - Y1
(h.)

7’2 -71

(in. )

r2 - Y1

(In. )

r2 - Y1

(In. )

72 -71

(in. )
% % % %%

(

<

,.

0.96
.84

:;
.49
.41
.22
.I.2
.CKa

.W
o
0

.97

:%
,64

.73

.38

.40

.x

.24

.19

.16

.I.o

.0s8

0.01

::
.IJ.
.17
.21

.27
on
.41

;~

,67
.81

.87
1.01
1.07
1.21

1.27
1.41
-.W

-.05
-.10
-.23

-.W
-.40
-.60
-.&

-1.03
-1.!ZQ
-1.40
-1.42
-1.62
-La?
-1.92
-2.03

0.94
.78
.70
.60

.53

.42

.33

.a

.16

:;4

.m
o
0

.93

.83

.78

.@

.s1

.37

.34

.a

.17

.V

.13

.

0.04

:2
.19
.2k
,34
,44
,54
,64
,74
.84
,94

1,04
1,14
1.24

1.34
1.44
-.03

-.m
-.3-O
-.lg
-.20

-.25
;:::

-.53
-.63

-.73
-.83

-.93
-.*

0.93
.82
,74
.63

.%

.45

.35

.33

.’a

:$
.ll
.091
. lW
. o%
.018

0

.93

;&

.39

:%

.Y-

.2’7
,17
,1.2
.12
.083
.055

0,(72
.07
.12
.17

::

.%
,62
.72
,&

.92
1.02
1.22
1.42
1.67

~.87
2.87
-.02
-.04

-.@
-.14
-.24
~:~

-.64
-.-(2

-.84

-.W
-1.12

-1. 2

-1.?2
-1.%

0.93

:Z
.72
.63

.59

.47

.30

.9

.-a

.21

.15

.10

.042

.040
-.020
0
0

:Z

.75

.67

.53

.42

.33
.24
.17
.I.6
.ll
,10
.044
.Ou

o

0.02

.0-7

.12

.17

.22

.32

.42

.x

.62

:%
1,02
.,01
-.03
-.13
-.23

-.33
-.48
-.63

-.97
-1.19
-1.34
-1.39
-1. h
-1.48

-l. @
-1.61
-1.75
-1.95

O.*
.ea
.79
.75
,a

.75
,45
,34

.30

.15

.032

0.s6
.78

:$
.45

.3Q
,24
.14
.q8
.044
. Ow
.042

.027

.011

.015
0
0

O.E
,10

.15
,20

.E7

:?5
.40
.47

.9

:?
.75
.85
.97

1.15
1.49

1.75
-.01
-,03
-.08
-la
-.28

-.38
-.53
-.73
-.93

-1.oj
-1.23

0.91
.82

:2
.48

.39

.37

.33

.29
,24
~24
.I.8
.14
.093
.Q3a

.073

.067
0

.&

.84

.&

.6s

:$!
.Ia
.12
.052
.033

0

0.01

.0’7

.12
,22

.32

:%
,82

1.02

1.!Z2

1.42
1.62
-.02

-.@
-lo

-.2)

-.W
-.36

:;2;
-.6)
-.63
-,78
-,89

-.96

0.$42

:2
.73
.31
.%
.s
.35
.21
.13

.I.2
o
- .“040

-.Q7
-.066
0

-.W3
o
0

.93

.89

:E

.52

.39

.24

:%
.q6
.026

.m

.041

.m

.028
0

0.03

::
,18

.’a

.33

.43

. !33

.73

.93
1.13
1. 3

t1. 3
1.63
-.G2
-,04
-.08
-.13

-.23
-.30
-.37
-.48
-.61

-.70
-.’n.

. .
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I
J

I

.

x.. E2. g ft X = 23.5 ft

rl - 0.85 in. yl = 1.45 in. Y1 = 2.32 in. Y1 = 2.50 in. yl - 3.92 in. ‘Y ~ = 0.84 in. q, - 1.34 in. yl .3.05 in. m = 3.71 in,

rp . 71 72 - Y1

‘y %.?

Y2 - Y1

‘y ‘71;.? ‘y (ill.)
% ‘~;ey % ‘~;.y % (h. )

~ WI. ~ y~i;,l Rr
(in. )

0.02 o.% 0:: 0.96 0,02 0.96 o:~k 0.93 0.01 0.97 0.03 o.~ 0.0-2 0.96 - O.@ 0.97 0.01 0.96

.@ ,87 .89 .07 .8h

.10
.gl .06 :2 .07 .83 .06

.76 .11
.83 . o? J?a .08 .85

.76 .I.2 .79 .09 .& .~ .K2 .75 .I.l .74 .&)
,15 .68 .16 .65

.10 .13
.17 .7’1 .14

.79
.78 .21 .69 .22 .64 .21 .63 .20

.65
.67

,20 .63 .22 .63 .24 .6a
.23 .63

.31

::
.55 .32 .52 ,31 ,54 .30 .56 .33 .52.

430 .49 .53 .32 .76 ,34 .59 .&l .37 .@ .~ .41 ,41
.40 .42 .41 .46

.48 . k3
.49 .44 .52 ,61 .22

:$
.72 .37 .61

.33 .51
.34 :& .30 .53 :%

:% .26
.37 .32 .64 .35 .83. .M .62 .28 .81 .23 .83 .23 .63 .29

.61 ,28 .82 .23 .84 .!XL
.eo

1.01
.81

.o~ .22
.C&3 1.’ZL .GgI 1:%

>.01 .13
.17

1.00 .19 .83 .18
,19 1.02 .17 1.04 .14 l.a

1.00 .11
.10

1.01
.076 1.03

,14 1.22 .094 ::E .067
.079

.094 1.24 .028 1.41 .061 1.22 .I.2
.093

1’.41
1.21 .I.2 1.42 .ll

1.23 .053
1.44 -.076 1.61 0 1.42

M .067 -1.41
.08p 1.71. .048 l.ci) .024

.083 1.62 0 1,64 -.o~l 1.81 .0623 ~;62
l.a .042

,043 2.01
1.43 0

,026 1.80 0
1.61 .045 1.W o

1.63 -.076
~,Ok -,lb 2.01 .051 1.82

1.EK)
,049 2.31 .o@ 2.(XI o

. Ow 1.81
L.83 -.16

. ml -,02 .94 2,o4 -.o~ 2.41 0 2.02 ,015 2.61 0

2.cx3 .033 2.01 .028
-.02 .98 2.03 -.1.1

-.08 .80 -.04 .92 -.03 2.22 .016 2.91 0

:3
-.04 .89

2.20 0 2a.’ o -,13 .71 -.07 .ea -.03 2.32 .017
2.23 0

-.02 .* .81
2.40 0

-.W -.02

2,51 0 .-.23 .(% -.I.2 .%2 -.13 .76 2.52 .018
2.60 0 -.05 .92

-.04 .&j

-.33 .51
-.14 .77 -.06 :E

-.22 .68 -.23 .60 2.&? o -.09 .78 -.24 .67
-.02 .91 -.10 .79 -.43 .47

-.1.1

-.3 .!55

.76

-.33 .2
-.14

-.03 .fl
.72 -.63

-.14

-.15 .73 .28
.70 -.34 .% -.21

-.42 .46 -.43 .39 .87
.72

-.07 -,23 ,62
-.34 . 4k

-.44 .52

-.5 $ -.83
-.31 .%

.18 -.52 g -.33 .29 -.11 .82 -.32 .s3 -.64

-.59 .= -.35 -1.03 .12 -.62 -.63
.3h -.41 .m

-.W
.23

.15 -.41 .43
-.18 . .59 -.41 .43 -.84 .26 -.6~

-1.07 .15 -.82 .20 -.83 .I.2 -.41
.36

-,47 .40
.36 -.ti .27 -1.04 ,19 -.81

-1.27

.28
.066 -1.02 .15 -1.03 .~ -.55 .26 -.79 .23

-.-n. .27
-1.24 ,19

-1.47

-1.01 .17
.Ob -1.22 .W :; .;; .071 -.73 .19 -.94 .18

-.91
-1.44

.14
.14

-1.67
-1.21 .14

.042 -1.42 . Op .063 -.82 .U3 -1.14 .I..l, -1.64 .0&3 -1.41 ,12
-1.11 .082 -1.87 .@ -1.62 . 03a -1:63 0

-1,31. .@l
-1.34 .IJ2 -1.84 .@l -1.61 .081

-1.82 .019 -1.83 0 -1.44 .0$ -2.o4 .035 -1.81 .076
-1.41 .051. -1.97 0 -1,53 , O* -2.24 .024 -2/01 .052

-2.44 .023 -2.31 .066
-2.74 ,036 -F. 61 0
-2.92 0

I

.
.

‘u



WiLE 7.- TRMRWR2E cmnraAmoH CoEYPIcIm?F - c!OIwlu&d

X n 24.5 i% x.25.4ft

L=6.47 in.~ - 0.81 in? L .1.73 in. ‘~ -4.01 in. ‘~ - 5.02 in i . O.* In, 1 “ 3.66 in.

2 - Y1

(in. )

‘2 - Y1
(in. )

“2 - Y]
(in. )

‘2 - Y1

(in. )

“2 - Y]

(h)

>-Y]

(in. )

2 - Y1

(in, )

p-Yl

(in, )
RY % % %

‘:5-J

.86

.81.
,76

.7

.6 t

.58

. hl

.33

.17

.071
I

.97
em
.84

.73

.78

.54

.42

.31

.20

.23

.:6
,13

:3

.0’2
I
.Ok
.01;

I

=i

,96
.83

.79

.’P-

.&

.45

%
.051

.070
,135

:;~

0.03

.07

.I.2
,22
.32

..42
.62
,82

1.02
1.22
1.42
1.72
2.02
2.32
2.62
-.04
-.10
-.15
-,20
-.31
-.51

-.69
-.74
-,83

.W
,76
,67
.54
,bh

37
.23
,16
.L2
.091
.Oy

.W
,Oc

.93

.75

.69

.63

.41

.33

.23

.15

.21.

.

0.02

.07
,L2

.’22

:%

‘.62
.82

1.02
1,32
1.62
1.92
2.f22
2.92
-.02

-.W
-,14
-.24
-.34
-.44
-,74
-.64
-.81
-.84

-1.01
-1.41
-1,61
-1.74

:2
.75
.61

%
,23
.24

,15
.L1
,04!
.O!?f

.97

.79

.72

.62

.55

:2
.34
.2k
.22
.3.6
.10
.OJK

I

0,03
.04
.09
.14
.24
.34
.44
.64
.84

1.04
1.24
1,94
1,84
2.14
2.44
2.74
-.02

-.07
-.I.2
-.22
-.32
-.42
-.32
-.62
-.82

-1.02
-1.22
-1.42
-1.62
-l. &
-2.02
-2.09
-2 ..=
-2.59
-2.71

G
.82
.76
.6k
.51
.42

.3

:;
,13

.m

.04.I

. 02(

g

.al

.69

.59

.46

.39

.32

.27

.17

.I.l

.0’7$

.@t

.01:

.@
,03
.Oa

I
I

0.02
,03
,08
,13
.23

.33

. J+3
A;

1.03
1.23
1.43
1,63
1.83
-,06
-,IJ
-.z!l
,-.31
-.41
-.61
-AL

-1.01
-loa
-1,41
-1. 6~
-1.81
-2.01
-2.21
-2.41
-2.61

:E
.85

.79

.69

.57

.48

.36

.24

.19

.I.2

.W

.*

.86.

.75
,64

.57

.42

;Z
.22
,15
.ll
.o@
.02
.02:
.01:

0,02
,08
.13
.18

“ .23

.33

.43

.63

.83
1.03
1.13
1.33
1.53
1.83
2.03
2,28
-.01
-.05
-.10
-.20

-.9
-.40

-.Y
-.63
-CM

-1.#
-1.’23
-1.43
-1.60
-1. E!O
-2.00
-2.30
-2.50

:3
.79
.72
.65
.56
.46
.24
.19

.Ob

.W’
,10
,W
,13

.99

.88

.81

;;

.44

.W

.30

.22

.17

.12

.06

.06

.05

0.,01

.09

.14

.24

.34

.44
,64
.84

1.04
1.24
1.44
1.6k
1.84
2.o4
2.24
2,44
-.01
-,0-2
-.05
-.10
-.15
-.2U
-.25
-.30

::%
-.45

-.%
-,s9
-.78
-.83

-.97

:%
.75
.69

:?f
.39
.35
.29

.18

,15
.07(
.03’
.02

.99

.97

.89

.78

.61

.71

.%

.44

.37
:$

.36

.34

.23

.33

.35

0.02
,08
,13
.23

.33

.43

.63

.83
1.03
1.23
1.43
1,63
1.83
2.03
2,23
2.43
2.63
2.83
-.02
-.06
-.IJ
-.’a
-.31
-.41
-.61
-.81

-1.01
-1.21
-1.41
-1.61
-1.8I.
-2.01

1.95
.93
,84
.71
.6k

.53

.47

.3s

.26

.EQ
,1’-/
.13
,11
!06
!04:
.02!

I

‘.*
.89
.79
.63
.61

.33

.41

.33

.28

.22

.15

.0%
)
)

0.02

.05

.I.o

. l?

::

.37

.45

.65

.85
l.o~
1.2g
1.45

l.f$
-.01
-.05
-,10
-.m
-.30
-.43
-.60
-.83

-1.0+3
-1.20
-1.40
-l.&
-1.ao
-2,CQ
-2.20
-2.4)
-2.&l
-2.&
-3.OQ

0.01
.08
.13

ii
.63
.83

1.03
1.23
1.43
1.63
1.83
2,03
2.23
2.43

I

I

7“

—
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xl . 17.5 rt xl = 20.0 St

y -0.97 in. y -2.01 in. Y = O.y h. y . l.= In. y -2.56 in.

~; ~
. ‘x ?c.? ‘x ?;.? ‘x K? ‘x 7:.? “

0.07 0.95 O.& 0.83 0.03 Oag 0.07
.15 .84 .15

0.89
.83

0.04
.03

0.B

.78
.85 .12

.30
.83 .lo

.72 .15
.ea

:%
.22

.P
.76 .20

.81
.53

:$
.23

.53 .44
:: .32 .69 .43

.33 .70 .63 .6
:%

1.10
i:;

.* .93
:$

.59
l.~

::
.17

.% .9J :%

2.01
.73

.23 2.m
.92 1.20

.13 :Z
.23

1.01 1.12
2.51 .14

:E
2.50

1.50 .I.8
1.33

3.01 :%
.X2 1.32

.IJ2 3.CO
.36

1.63 .27 1.53
.W

3.sl 3.50
.34 M

.049
4.01 :% 4.Q3 o

2.03 .20 1.84 .25
2.43

3.m :%

4.fi
.17 2.12 .22

.038 4.y3 .015
3.X .046

2.83 2.62 .I1
3.01 o’ 5.00 .03 3.33 :% 3.02

.022

-.03
.14

5.50 0
t:; o

-.08
~.:; .0%

:Z -.03 .81
3.52 5.00 0

.a9
.053 4.02

-.13 -.08 .80
:$ -.04

5:33 .W 4.y2 o
.91

-.28 .74 -.28 .61
-.06

5.83 0
.92

-.48 .69 -.48
-.02 .97 -.11 .80

-.02
:ti

.9’3 -.05
-;.TJ .s9 ;.7J g

.97 -.21
-.05 -.10 -.41

.77
.9s .60

-.14
-l:4a

-.m
:% -1:48 :$

-.a
-.s -.40

.51

-1.98 .23 -1.99 .20 -.49 :2 -.ti
:: -.91
.62

.34

-2.48 .= -2.48
-1..21

.15 .44
.24

-.79
-2.98 .14 -2.98

-.90 -1.2 Al
-1.09

-3.48
.33 -1.X

.10 -3.49 :Z
:$ -2.01

-1.49
-3.98 .043

it :% ::Z !! $% ;: ::: o~~
2B o

.0-23
-4:99 .025 ;.%J -3.CQ
+5.48 .@ :2

J.3 .4:01 0
-3.53 .In

-3:99 .@ -3.84 .lo
-4.69 .049 .4.34
-5.19 .Ou Au :%
-5.69 0
-6.19 0

-5.34 0. ,

xl.22.5fi Xl = 24.5 ft. q - 25.4 rt

y .2.32 in. y . 3.01 in. y . O.* in. Y - 3.66 in. Y -5.95 ~.

Z2-zl ~ ~; y
(in. ) ‘s =f~y RX ~&-J ‘x ~Jl ‘x

0.03 o.9k 0.03 O:SJ
.03

0.03 0.94 0.02
.91 .08

o.~ 0.03 o.~

.16
.10

.67 .15 .86
.92
.86

.07 .96
.17

.09 .94

.fl .76
.14

.7$
.@ .16

.75
.92

.51 :2 .67
.* .78

:$
.76

.81 :%! .85
.49

.53
:: .62

.38 .36 l:E
$ .79 :$ .81

1.10
.42

::: .28
1.09 .40

l.p
1.1.1

.33 1.52
2.01 .20 2.CH)

1.49
.X1 :2

.37 l.sl
2.02

:$

2.5-J, .12
.22

2.54
2.01

.16
.26

2.52 .13
3.01 .Ob

;:E .17 2.51 .16

~:: 0:; g o:? g ;% g ::w H
:~6
.03g

o 0 k.~1 o
-.07 -.09
-.14 :g

.94 .-:03 .93 4;B o ~.ol o
-.17 -.08

-.29 .79
.9

-.32
-.03

:$
.s+ -.03

-.20 .81 -.C9
.93

-.49 .65 -.48
.94 -.07

.65
.59

-.52 .67
-.79 -.82

-.15 .m -g .92

-1.09 ;$J
.55 -.78 .47 -.33

-1.I.2
.82

.39 -l.@ .45 j-g
.83

-1.49 -1.2
-.m

.28
-.50

-1.48
-1.w .13 .18

.36 -.8’3 -.80
-2.ct2

:E
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Figure l.- Front’view of‘boundary-layerwall”inN15S 10-footopen-air
wind tunnel.
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